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Viewing Lip Forms: Cortical Dynamics
motor cortex, both during execution of hand actionsNobuyuki Nishitani1,2,4 and Riitta Hari1,3
1Brain Research Unit and during observation of similar actions performed by
Low Temperature Laboratory other individuals (Fadiga et al., 1995; Gallese et al., 1996;
Helsinki University of Technology Grafton et al., 1996; Rizzolatti et al., 1996a, 1996b; Hari
P.O. Box 2200 et al., 1998; Iacoboni et al., 1999; Nishitani and Hari,
FIN-02015 HUT, Espoo 2000; Leva¨nen et al., 2001). The representation of hand
Finland acts in Broca’s area is in line with findings in stutterers
2Cognitive Sciences Section and bilingual children, both indicating dense links be-
Department of Sensory and tween speech-related hand gestures and speech pro-
Communicative Disorders duction (Mayberry et al., 1998; Nicoladis et al., 1999).
Research Institute These findings agree with the suggested cytoarchitec-
National Rehabilitation Centre for the Disabled tonic correspondence between the monkey F5 and the
Tokorozawa human area 44 in Broca’s region (Matelli and Luppino,
Japan 1997; Rizzolatti and Arbib, 1998).
3Division of Clinical Neurophysiology Electric stimulation of the ventral premotor cortex of
Helsinki University Central Hospital owl monkeys elicits both mouth and hand movements
FIN-00290 Helsinki (Preuss et al., 1996). Besides hand motor acts, the mon-
Finland key F5 area is strongly activated by orofacial gestures
(Rizzolatti et al., 1988; Pelissier et al., 2000). We therefore
aimed to find out whether the human mirror-neuron sys-
Summary tem (MNS), including the Broca’s area, would be acti-
vated by orofacial gestures and whether the activation
Viewing other persons’ actions automatically acti- would depend on the relation of the lip forms to speech
vates brain areas belonging to the mirror-neuron sys- utterances. We thus compared activations associated
tem (MNS) assumed to link action execution and ob- with verbal and nonverbal lip forms. As still pictures
servation. We followed, by magnetoencephalographic
with implied motion, such as snapshots of a performing
cortical dynamics, subjects who observed still pic-
athlete or of a person lifting a glass, easily lead in action
tures of lip forms, on-line imitated them, or made simi-
recognition, we envisioned that even still pictures with
lar forms in a self-paced manner. In all conditions and
implied motion might activate the human MNS. We fol-in both hemispheres, cortical activation progressed in
lowed the cortical activation sequence of healthy hu-20–70 ms steps from the occipital cortex to the supe-
mans with whole-head magnetoencephalography (MEG;rior temporal region (where the strongest activation
Hari et al., 2000) while the subjects were observing andtook place), the inferior parietal lobule, and the inferior
on-line imitating still pictures of orofacial gestures, andfrontal lobe (Broca’s area), and finally, 50–140 ms later,
while they were producing similar gestures in a self-to the primary motor cortex. The signals of Broca’s
paced manner.area and motor cortex were significantly stronger dur-
ing imitation than other conditions. These results dem-
onstrate that still pictures, only implying motion, acti-
Resultsvate the human MNS in a well-defined temporal order.
PerformanceIntroduction
Figure 1 shows stimulus timing (in observation and imita-
tion conditions), electro-oculograms (EOGs), and elec-In everyday life, we communicate—in addition to lan-
tromyograms (EMGs) from the mouth muscle of Subjectguage—with gestures and facial expressions. Observa-
1, separately for verbal and nonverbal lip forms. Re-tion of another person’s motor acts is the first step of
cordings are also shown for observation of the neutralacquiring new skills by imitation. Two- to three-week-
lip forms. The EOGs and EMGs were practically flatold human babies can imitate tongue protrusion (Melt-
during observation and control conditions, both in thiszoff and Moore, 1977), and this rather automatic release
and other subjects. During imitation and execution, thebehavior soon disappears being replaced later by more
EMG activity reflected real mouth movements as ex-sophisticated imitation capabilities. The perception-
pected.action link is activated by sole observation of actions,
Latencies from stimulus onsets to EMG onsets didand people probably imitate by using both innate and
not differ between gender of the subject or the typelearned internal models of movements (Mataric and
Pomplum, 1998). (verbal versus nonverbal) of lip forms; the mean  SEM
Recent studies have shown activation of “mirror neu- latencies for females and males were 403  15 ms and
rons” in the inferior frontal cortex (area F5 in monkeys 399 13 ms, respectively, to verbal lip forms and 362
and Broca’s region in humans) and in the precentral 16 ms and 373  16 ms, respectively, to nonverbal lip
forms. The data of both genders were pooled for further
analysis.4Correspondence: nobu@rehab.go.jp
Neuron
1212
Figure 1. Stimulus Timing, Electro-Oculo-
grams, and Electromyograms
Stimulus timing, bipolar electro-oculograms
(EOGs), and bipolar electromyograms (EMGs)
from the orbicular muscle of the mouth of
Subject 1, during observation, imitation, and
execution of verbal (upper) and nonverbal lip
forms (lower), and during observation of neu-
tral lip form (middle).
Waveforms During observation of both verbal and nonverbal lip
forms (left column), the earliest signals peaked at 110–Figure 2 shows MEG signals of Subject 2 from five sen-
sor locations (a–e) over the left hemisphere. This figure 120 ms at the posterior location and the peak latencies
increased systematically from location a to locations b,has been designed for visualization only whereas all later
conclusions are based on source analysis (see below). c, d, and e. Such a temporal order could correspond to
Figure 2. MEG Signals over the Left Hemi-
sphere
MEG signals of Subject 2 from five sensor
locations (a–e) on the left hemisphere during
all conditions; see the color code below the
traces. The signals during observation and
imitation were averaged time-locked to the
onsets of the visual stimuli and the signals
during execution with respect to EMG onset.
The arrows on the schematic brain show the
assumed order of cortical activation.
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Figure 3. Main Source Locations
Top: the main source locations for Subject 3
during observation (circles), imitation (trian-
gles), and execution (squares), superimposed
on his own three-dimensional MRI viewed
from left and right sides. Bottom (three rows):
source locations for all subjects during obser-
vation, imitation, and execution of verbal and
nonverbal lip forms and during observation
of the neutral lip form.
progression of activation from the occipital visual areas Source Distribution
The main responses were consistent across subjects.to the superior temporal sulcus, then to the inferior pari-
etal areas, then to Broca’s region in the inferior frontal At the peaks of the main deflections, the magnetic field
patterns were dipolar over several regions of both hemi-cortex, and finally to the primary motor cortex. The
arrows on the schematic brain indicate this sequence spheres during observation and imitation conditions,
suggesting five main source areas, located in the occipi-of activation, which took only about 200 ms. Viewing
the neutral lip form resulted in activation of areas a–c, tal, lateral temporal, inferior parietal, infero-posterior
frontal, and central areas of each hemisphere, whileonly, indicating clear stimulus specificity of the underly-
ing neural circuits. Similar responses were seen also in during execution only source areas located in the infero-
posterior frontal and central areas of each hemispherethe right hemisphere.
The sequences of activation during imitation of the were activated. One source at each of these areas was
then included into the multi-dipole model (maximally fiveverbal and nonverbal lip forms (middle column) were
very similar to those during observation. Instead, when sources per hemisphere).
Figure 3 (top) shows the main source areas for Subjectthe subject executed verbal and nonverbal lip forms
at own pace (right column), only areas d and e were 3 during observation, imitation, and execution condi-
tions, superimposed on his own MRI surface rendering.activated. Please note that the left and middle columns
of Figure 2 show traces time-locked to stimulus onsets The source locations agree with activation of the occipi-
tal cortex (Brodmann’s area [BA] 18; Occ), the posteriorwhereas in the right column the traces were averaged
with respect to EMG onsets. superior temporal sulcus region (BA 22; STS), the inferior
Neuron
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Table 1. Source Locations of Main MEG Response Peaks in Talairach Coordinates
Left Hemisphere Right Hemisphere
Verbal Lip Forms x y z BA N x y z BA N
Observation
Occipital 18  2 88  5 15  5 18 10 17  4 90  4 14  3 18 10
Superior Temporal 51  5 48  3 12  2 22 10 50  4 49  5 12  5 22 10
Inferior Parietal 44  3 48  6 38  5 40 6 42  7 53  5 41  2 40 6
Inferior Frontal 48  3 21  4 12  5 44/45 10 42  7 22  3 13  6 44/45 9
Primary Motor 55  4 11  4 41  3 4 10 52  4 10  5 39  4 4 10
Imitation
Occipital 16  3 89  4 16  5 18 10 15  5 88  4 16  5 18 10
Superior Temporal 55  4 47  5 10  4 22 9 52  6 47  5 12  3 22 8
Inferior Parietal 44  7 51  4 39  3 40 8 46  5 51  3 40  4 40 6
Inferior Frontal 46  6 19  3 14  4 44/45 10 47  4 19  4 13  5 44/45 10
Primary Motor 55  5 13  4 38  3 4 10 53  2 15  2 36  4 4 10
Execution
Inferior Frontal 46  5 20  4 15  5 44/45 10 47  4 22  6 15  3 44/45 10
Primary Motor 56  3 13  5 38  3 4 10 52  6 12  3 37  3 4 10
Nonverbal Lip Forms
Observation
Occipital 18  6 88  3 13  4 18 10 16  4 90  3 13  3 18 10
Superior Temporal 49  3 43  2 11  4 22 10 50  2 46  5 13  5 22 9
Inferior Parietal 42  2 49  7 39  3 40 10 45  7 51  5 41  5 40 9
Inferior Frontal 46  6 15  4 12  4 44/45 10 48  5 19  5 14  4 44/45 10
Primary Motor 54  3 12  5 40  3 4 10 52  5 13  4 34  3 4 10
Imitation
Occipital 16  4 90  4 13  3 18 10 15  4 88  3 16  2 18 10
Superior Temporal 50  3 47  6 12  5 22 10 53  6 46  7 12  3 22 9
Inferior Parietal 44  9 50  5 39  4 40 8 46  5 48  6 39  5 40 9
Inferior Frontal 48  6 16  3 14  4 44/45 9 50  4 17  4 13  2 44/45 10
Primary Motor 53  4 11  5 38  3 4 10 53  2 15  4 36  4 4 10
Execution
Inferior Frontal 46  5 17  4 14  5 44/45 9 49  4 18  6 13  3 44/45 10
Primary Motor 56  3 10  6 39  3 4 10 52  3 12  3 37  3 4 10
Neutral Lip Form
Observation
Occipital 14  5 89  4 13  5 18 10 12  3 85  6 15  3 18 10
Superior Temporal 53  4 47  5 10  3 22 5 51  4 42  4 11  3 22 4
Inferior Parietal 48  9 47  8 34  4 40 3 45  4 52  4 40  4 40 4
Inferior Frontal 48  5 17  6 13  4 44/45 3 47  5 17  6 12  5 44/45 3
Mean  SEM for maximally ten subjects.
Coordinates x (left-to-right), y (posterior-to-anterior), z (inferior-to-superior) are in millimeters from origin situated at the anterior commissure.
BA refers to Brodmann’s area and N gives the number of subjects included in the analysis.
parietal lobule (BA 40; IPL), the infero-posterior frontal (Kanwisher et al., 1997; Puce et al., 1998; Allison et al.,
1999; Downing et al., 2001; Haxby et al., 2001); however,area (BA 44/45; IF), and the primary motor cortex (BA
4; M1). The individual sources were usually within 1 cm these source areas were not specifically searched for.
In only a few subjects were prominent signals observedduring imitation and observation conditions.
The schematic heads in Figure 3 show the source in the MT/MST region where static images with implied
motion have been reported to induce fMRI activationdistributions for the whole group of subjects. During
observation and imitation of verbal and nonverbal lip (Kourtzi and Kanwisher, 2000; Peigneux et al., 2000).
forms, the main sources were consistently located in
Occ, STS, IF, and M1 areas of each hemisphere, while Source Latencies and Strengths
Figure 4 shows the mean ( SEM) peak activation timesIPL sources were observed only in 6–8 of the 10 subjects.
During the control condition (viewing the neutral lip of the main source areas during all conditions, relative
to the peak activation time of inferior frontal area of theforms), activation was found consistently in Occ regions,
whereas the STS, IPL, and IF areas were activated only in same hemisphere; here the zerolines refer to IF activa-
tion and negative and positive values refer to peak laten-3 subjects and the M1 cortex in none (Figure 3, bottom).
Table 1 summarizes the mean ( SEM) source loca- cies before and after the IF activation, respectively.
These mean values are in good agreement with the sin-tions of all subjects in Talairach coordinates and tells
how frequently these sources were activated in our sub- gle-subject data shown in Figure 1. During observation
and imitation conditions, the mean peak latencies in-jects. In only 2 out of 10 subjects, sources were found
in the region of the fusiform gyrus that is known to be creased in a systematic manner in both hemispheres,
so that the signals started from Occ progressing to STS,activated by pictures of faces, human body, and objects
Cortical Dynamics for Viewing Lip Forms
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Figure 4. Peak Latencies Relative to Broca’s
Area
Mean ( SEM) peak latencies of the main
sources, relative to that in inferior frontal area,
in all conditions, in the occipital (Occ), supe-
rior temporal (STS), inferior parietal (IP), and
primary motor (M1) areas of both hemi-
spheres.
IPL, IF, and M1 areas during both observation and imita- condition, activation was seen first in the IF area and
110–140 ms later in the motor cortex.tion conditions. Peak activations from Occ to STS, from
STS to IPL, and from IPL to IF were separated typically Figure 5 shows the corresponding mean ( SEM)
source strengths, both to neutral lip form and for theby 20–70 ms (p  0.05), and activations of M1 followed
those of IF by 50–100 ms (p  0.001) in both hemi- combined verbal/nonverbal lip forms, derived from an
identical multi-dipole model for all conditions. In allspheres. During observation of the neutral lip form, the
peak latencies increased in a similar manner but M1 source areas, except the occipital cortex, the stron-
gest activations occurred during imitation; the sourcewas not activated in any of the subjects. In the execution
Figure 5. Source Strengths in All Areas
Mean ( SEM) source strengths, combined
for verbal and nonverbal lip forms, during all
conditions. Abbreviations as in Figure 4.
Neuron
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areas that were activated during observation, imitation,
and execution conditions correspond, according to the
Talairach coordinates, to Brodmann’s areas 18, 22, 40,
44/45, and 4, respectively. Observation of the neutral
lip form in the control condition activated consistently
only the occipital region, very infrequently STS, IPL, and
IF areas, and in none of our subjects the M1 area.
The human STS and adjacent brain regions play an
important role in the perception and interpretation of
facial and body movements of other individuals (Bonda
et al., 1996; Rizzolatti et al., 1996b; Puce et al., 1998;
Allison et al., 2000; Iacoboni et al., 2001). The STS region
activated in our subjects, with mean Talairach coordi-
nates of x(49–55), y(43–48), z 10–13, is 18–23
mm posterior to the STS area activated in an fMRI study
during nonverbal facial gestures (57, 25, 8; Calvert
et al., 1997) but agrees with locations related to social
perception (48/50, 48, 10; Kanwisher et al., 1997;
Puce et al., 1998; Allison et al., 2000), and with areas
activated in a recent PET study during reciprocal imita-
tion (50, 42, 10; Decety et al., 2002). Thus the STS
activation observed here seems to agree better with the
Figure 6. Source Strengths in the Inferior Frontal and Primary Motor posterior (STSp) than the anterior STS region (STSa).
Areas
The monkey STSa contains neurons reacting to action
Mean ( SEM) source strengths during observation (Obs), imitation observation and is assumed to communicate to the inte-
(Imit), and execution (Exec) conditions, in the inferior frontal and
rior frontal area F5 via inferior parietal lobe as the STSprimary motor areas of both hemispheres. Inf Frontal: inferior frontal
and F5 are not directly connected (Rizzolatti et al., 2001).cortex, M1: primary motor cortex.
Our latency data strongly suggest that the human STSp
is connected to the inferior frontal cortex (Broca’s re-
gion) via the inferior parietal lobe, apparently the PFstrengths were 48% stronger during imitation than ob-
area. Humans require mentalizing abilities to understandservation (p  0.05). The activations were statistically
other people’s intention and to maintain successful so-significantly weaker (p  0.001) to neutral than verbal/
cial communication. The mentalizing capability has beennonverbal lip forms; only in three subjects was the IF
proposed to involve the STSp area [58/60, (48–56),area activated, and no activation occurred in the M1
4–12; Frith and Frith, 1999; Castelli et al., 2000; Frith,cortex. During imitation, the mean activations were 60%
2001] that is also activated by biological motion (47/50,stronger (p 0.05) in STS than in Occ and 170% stronger
51, 2–13; Bonda et al., 1996; Calvert et al., 1997; Puce(p  0.001) than in IPL in both hemispheres; during
et al., 1998; Grezes et al., 1999; Frith and Frith, 1999;observation condition, the corresponding differences
Allison et al., 2000; Castelli et al., 2000; Blakemore andwere 40% (p  0.05) and 160% (p  0.001).
Decety, 2001; Frith, 2001). Our results indicate that staticExcept the execution condition, both STS areas
images of faces, both with verbal and nonverbal lip form,showed an activation pattern similar to the IPL, IF, and
activate the STSp region or an area immediately anteriorM1 areas in both hemispheres. However, the STS activa-
to it in both hemispheres.tions did not differ between imitation and observation,
The IF regions activated bilaterally in this study corre-or between imitation and execution conditions.
spond to area BA 44/45 in both hemispheres. Previously,Figure 6 shows mean (SEM) source strengths during
this region has been shown to be activated during imita-observation, imitation, and execution conditions, in the
tion and observation of hand movements (Grafton et al.,inferior frontal and primary motor areas of both hemi-
1996; Rizzolatti et al., 1996b; Decety et al., 1997; Krams
spheres. The IF and M1 activations were 30%–80%
et al., 1998; Nishitani and Hari, 2000). Here it was acti-
stronger during imitation than observation or execution
vated in three subjects also during viewing of the neutral
(p  0.05). Both IF and M1 activations were slightly lip form, although very weakly.
stronger to verbal than nonverbal lip forms in the left The IPL activation of our subjects was 20–25 mm
hemisphere, and vice versa in the right hemisphere, but superior to the region suggested by Calvert et al. (1997)
the differences did not reach statistical significance. to be related to the conversion from facial speech to
verbal representation, and 20–30 mm postero-inferior
Discussion to the anterior parietal lobule activated in an fMRI study
during imitation and observation of finger action (Iaco-
Our data demonstrate the human cortical activation se- boni et al., 1999). Iacoboni and his group interpreted
quence during observation, imitation, and execution of the activation to be related to a kinesthetic copy of the
lip forms. movement and of the intermediate joint positions. The
IPL region activated in the present study [(42–46),
Activated Brain Areas (48–53), 38–41] might be related to covert attention to
Strong magnetic signals were evoked bilaterally in sev- components of the visual stimuli (Posner et al., 1984;
Corbetta et al., 1993; Tootell and Hadjikhani, 2000) aseral brain areas. The occipital, STS, IPL, IF, and M1
Cortical Dynamics for Viewing Lip Forms
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the area seems to be the human homolog of the monkey activation in the present study, with still images, sug-
PF (7b), in which neurons respond selectively to the gests that the link between the inferior frontal and pri-
observation of actions (L. Fogassi et al., 1998, Soc. Neu- mary motor cortices is tighter for lip/mouth than hand/
rosci., abstract). Decety et al. (2002) reported that the fingers representations.
IP region [(54/54, (48–52), 24–40)] is related to pro- Our previous study (Nishitani and Hari, 2000) showed
duction of imitation and to distinguishing one’s own dominant activation in the left BA 44 and BA 4 during
actions from those of others. Clinical studies of apractic execution, imitation, and observation of right hand ac-
patients suggest that the parietal cortex is central for tions, suggesting left hemisphere dominance of the
storing, generating, and accessing of motor representa- MNS, whereas the present study did not reveal any such
tions (Leiguarda and Marsden, 2000). Thus the IPL re- differences. The observed symmetry is understandable
gion might be related to representation of visually pre- because both hemispheres control lip movements and
sented actions rather than to imitation of actions as because the stimuli were symmetric in the visual field,
such. in contrast to our previous study where the movements
The observed M1 activation is in line with recent stud- occurred mainly in the right visual field.
ies showing that the corticospinal tract and the M1 area
are activated during observation and execution of hand/
finger actions performed by other individuals (Fadiga et Human Mirror Neuron System and
al., 1995; Hari et al., 1998; Nishitani and Hari, 2000; Representations of Orofacial Gestures
Strafella and Paus, 2000). The patterns of M1 activation Our results have several novel aspects. Most impor-
during observation, imitation, and execution closely re- tantly, the cortical activation sequence from the occipital
sembled results of our previous study (Nishitani and cortex to the temporal and inferior parietal areas, and
Hari, 2000). finally to the fronto-central areas of each hemisphere,
was triggered by still pictures that only implied motion.
Time Courses and Source Strengths Furthermore, a similar cortical sequence was observed
We observed a systematic increase of response laten- to both verbal and nonverbal lip forms.
cies from occipital to STS region, from there to IPL, to It has been previously suggested that spoken lan-
inferior frontal areas, and finally to the motor cortex; the guage and free hand movements are controlled by a
whole sequence occurred in 220–250 ms. Previously, common system or by systems interdependent on each
it has not been possible to unravel this sequence of other (Kimura, 1973a, 1973b). Such a proposal is sup-
activation in the human MNS with other brain imaging ported by findings that hand gestures accelerate fluent
tools. Nor has it been possible to study the activation speech in stutterers (Mayberry et al., 1998), and that
sequences in monkey experiments in which the re- speech-related hand gestures develop in a language-
cordings are typically limited to one brain area at time. specific manner with the progression of language in
As mentioned, the activation sequence from STS via the bilingual children (Nicholaidis et al., 1999). All these data
inferior parietal cortex to the Broca’s region is conceptu- are in line with the suggestion that the precursor of
ally important because it suggests that information from
Broca’s area has played a crucial role in the evolution
STS reaches the IF region via the inferior parietal lobe
of the gestural basis for language and speech, being
also in monkey; of course, the exact correspondence
essential for the inter-individual communication by oro-
between the monkey and human STS subregions re-
facial and hand gestures (Rizzolatti and Arbib, 1998;mains to be shown.
Rizzolatti et al., 2001).Activation of IF was followed 80–110 ms later by acti-
Representation of orofacial gestures in the Broca’svation of the motor cortex in both hemispheres. This
region also agrees with the motor theory of speech per-delay is 30–40 ms shorter than the 100–140 ms time lag
ception (Liberman and Mattingly, 1985; Liberman andbetween IF and M1 activations observed when subjects
Whalen, 2000) that assumes speech to be perceived bywere viewing hand movements (Nishitani and Hari, 2000)
recognition of the articulatory gestures of the speakerand would suggest a stronger link between Broca’s area
rather than the speech sounds only. During face-to-faceand the motor mouth motor cortex than between Bro-
conversation, even normal-hearing people benefit fromca’s area and the hand motor cortex. The IF and M1
observation of the other person’s lip movements, andactivations were significantly stronger during imitation
such visual information can affect speech perception inthan other conditions, in line with our previous findings
both adults and infants (McGurk and MacDonald, 1976;(Nishitani and Hari, 2000), therefore emphasizing the
Campbell and Dodd, 1980; Kuhl and Meltzoff, 1982).importance of these brain regions for imitation of action,
Besides speech-related lip reading, recognition of lipand probably for the mirror-neuron system in general.
forms is important also for social communication, andThe M1 activations, relative to Occ activation of the
its role is accentuated in deaf individuals.same hemisphere, were in the present study clearly
On the basis of the present data, we propose that thestronger (observation: 50%–84% for verbal and 16%–
human mirror-neuron system is activated even by still30% for nonverbal lip forms, p  0.05; imitation: 42%–
pictures of lip forms, and that the information reaches78% for verbal and 47%–69% for nonverbal lip forms,
Broca’s region, and its right-hemisphere counterpart,p  0.0001) than in our previous study (Nishitani and
from the STS area via the inferior parietal cortex. ThisHari, 2000) in which subjects were viewing and imitating
information about the temporal activation sequences islive hand actions. As the M1 area is activated more
supposed to have impact on further conceptualizationstrongly during observation of live than video finger ac-
tions (Ja¨rvela¨inen et al., 2001), the observed stronger of the human MNS functions.
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Recording
The magnetic signals of the brain were measured with a helmet-
shaped 306-channel neuromagnetometer (Vectorview, 4D-Neuro-
imaging) in the National Rehabilitation Center for the Disabled, To-
korozawa, Japan. For the analysis, we used only signals from the
204 planar gradiometers that measured the two orthogonal deriva-
tives of the radial magnetic field at 102 locations outside the head.
These planar gradiometers detect the largest signal just above a
local cerebral current source.
During the experiment, the subject was sitting in a magnetically
shielded room. Four head position indicator coils were attached to
the scalp, and their locations with respect to anatomical landmarks
were measured with a 3D digitizer. During the MEG recording, weak
currents were led into these coils, and the resulting magnetic fields
were measured with the sensor helmet to find the head location with
respect to the sensors. This information was used in the alignment of
the MEG and MRI coordinate systems.
Head MRIs were obtained with a 1.5-T Siemens Magnetom sys-
tem. Bipolar electro-oculograms (EOGs) were recorded between
electrodes placed below the right eye and outer canthus of the right
eye to monitor eye movements and blinks. Bipolar electromyograms
(EMGs) were recorded with surface electrodes attached on the or-
bicular muscle of mouth. To monitor the subject’s vigilance, the
EOGs and some selected MEG channels were inspected continu-
ously during the recording.
The recording passband was 0.03–260 Hz for all signals (MEG,
EOG, and EMG). The sampling rate for digital conversion was 1001
Hz, and the data were stored on an optical disk for later off-line
analysis. The recording time for each condition was 5 min. To con-
firm signal reproducibility, the measurement of each condition wasFigure 7. Visual stimuli
repeated at least once. When epochs contained MEG signals ex-
Top: three verbal lip forms (Japanese vowels /a/, /i/, and /u/). Middle: ceeding 1500 fT/cm, EOG deflections exceeding 150 V ( 5% of
neutral lip form. Bottom: three nonverbal lip forms. all epochs) due to eye movements and/or blinks, or when the subject
was found to be drowsy, the measurement was excluded from analy-
sis and an additional set of data was collected.
Experimental Procedures
Data Analysis
Subjects The signals for each condition were averaged separately off-line,
Ten healthy Japanese volunteers (four males and six females; ages time-locked both to the onsets of the visual stimuli and to the EMG
23–28 years, mean 24) participated in this study. All subjects were onsets; the analysis period was from 1000 to 1000 ms. Brain
right-handed as assessed by the Edinburgh inventory (Oldfield, activations during observation and imitation were estimated after
1971). None of the subjects had a history of neurological or visual the onsets of the visual stimuli. During execution condition, the
disorders. Informed consent was obtained from each subject after motor field (MF) peaks were measured with respect to EMG onsets; it
full explanation of the study, and the Committee of Ethics of National is known that voluntary movements are preceded by slow readiness
Rehabilitation Center for the Disabled in Tokorozawa, Japan had fields and followed by MFs that are generated in the primary motor
approved the study. cortex (Nagamine et al., 1996; Gerloff et al., 1998; Pedersen et al.,
1998).
After the reproducibility of the MEG waveforms from the repeated
Stimuli and Stimulus Sequences measurements had been confirmed for each individual, the averages
The visual stimuli consisted of still pictures of a male face, with of the two measurements of each condition were digitally low-pass
three different kinds of lip forms: (1) three verbal lip forms: lip opening filtered at 40 Hz. The mean amplitude of the first 10% of the whole
as in Japanese vowel /a/, contracting both sides of the mouth as 2 s time window (from1000 ms to800 ms) served as the baseline
in /i/, and lip protrusion as in /u/ (Figure 7, top), (2) neutral lip form for amplitude measurements at each channel. The processed data
without any indication of lip movement or facial expression (middle), were used for construction of isocontour maps for visualization. On
and (3) three nonverbal lip forms (bottom). The verbal, nonverbal, the basis of visual inspection of maps, channels showing local signal
and neutral lip forms were presented as separate blocks, with the maxima at latencies when the magnetic field patterns were dipolar
different stimuli randomized within the sequence. The order of stim- were selected for illustration of the activation time course (Figure
ulus blocks and tasks was counterbalanced across subjects. Each 2) and the sources were estimated on the basis of the same field
stimulus was presented for 150 ms, with an interstimulus interval patterns.
of 3–6 s. All sequences were presented at least twice to each subject. The sources of dipolar magnetic field patterns were modeled as
Stimulus presentation was controlled with Multi Stimu (Medical equivalent current dipoles (ECDs), and the three-dimensional ECD
Try System, Japan) on a Windows personal computer and displayed locations, orientations, and strengths were estimated from the mea-
with a data projector (ELECTROHME, Canada; positioned outside sured signals similarly as in our previous studies (Nishitani et al.,
the magnetically shielded room) into a white board placed 1 min in 1999; Nishitani and Hari, 2000). A spherical head model was
front of the subject. All stimuli had the same luminance, contrast, adopted, based on the individual MRIs obtained from each subject
and size (7  7). The subjects were asked either (1) to view the lip (Ha¨ma¨la¨inen et al., 1993). The ECDs that best explained the mea-
forms (observation), (2) to imitate them immediately after having sured field patterns at given magnetic peak latencies were then
seen them (imitation), (3) to perform verbal or nonverbal lip forms searched for by a least-squares algorithm applied on the data of
at own pace once every 5–9 s (execution), and (4) to view the neutral 20–30 channels at areas including the local signal maxima. For each
lip forms (control). Magnetic brain signals were averaged time- subset of channels, ECDs were calculated at 1 ms intervals over a
locked to onsets of the visual stimuli in observation, imitation, and time period of 50 ms around the peak of each main response; we
control conditions, and to onsets of electromyograms from orbicu- accepted only ECDs accounting for at least 80% of the field variance
and with confidence volumes  1 cm3. Thereafter, the analysis pe-laris oris muscle during execution.
Cortical Dynamics for Viewing Lip Forms
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riod was extended to the whole measurement time and to all chan- Corbetta, M., Miezin, F.M., Shulman, G.L., and Petersen, S.E.A.
(1993). A PET study of visuospatial attention. J. Neurosci. 13, 1202–nels, by using a multidipole model in which the strengths of the
previously identified ECDs were allowed to vary as a function of 1226.
time while the ECD locations and orientations were kept fixed. Decety, J., Grezes, J., Costes, N., Perani, D., Jeannerod, M., Procyk,
The measured signals explained by the model were subtracted E., Grassi, F., and Fazio, F. (1997). Brain activity during observation
from the original signals and a new ECD was identified on the basis of actions. Influence of action content and subject’s strategy. Brain
of the residual field pattern. Every time a new ECD was obtained, 120, 1763–1777.
the waveforms predicted by the multidipole model were compared
Decety, J., Chaminade, T., Grezes, J., and Meltzoff, A.N. (2002). A
with the measured signals. If the model left some dominant signals
PET exploration of the neutral mechanisms involved in reciprocal
unexplained, the data were re-evaluated for more accurate estima-
imitation. Neuroimage 15, 265–272.
tion of the generator areas, but with a conservative attitude to ex-
Downing, P.E., Jiang, Y., Shuman, M., and Kanwisher, N. (2001). Aplain only the dominant features of the field pattern.
cortical area selective for visual processing of the human body.Finally, the ECDs obtained through this procedure were superim-
Science 293, 2470–2473.posed on the subject’s own MRI, according to the alignment of the
MEG and MRI coordinate systems. These analysis procedures have Fadiga, L., Fogassi, L., Pavesi, G., and Rizzolatti, G. (1995). Motor
been described and applied in previous studies and shown to be facilitation during action observation: a magnetic stimulation study.
consistent with minimum current estimates that characterize multi- J. Neurophysiol. 73, 2608–2611.
ple active brain areas without any priori information about the num- Frith, U. (2001). Mind blindness and the brain in autism. Neuron 32,
ber of sources (Nishitani et al., 1999; Uutela et al., 1999; Nishitani 969–979.
and Hari, 2000; Raij et al., 2000; Vanni et al., 2001). The source
Frith, C.D., and Frith, U. (1999). Interacting minds–a biological basis.
locations were transformed into Talairach standard brain space (Ta-
Science 286, 1692–1695.
lairach and Tournoux, 1988; Nishitani et al., 1999; Nishitani and Hari,
Gallese, V., Fadiga, L., Fogassi, L., and Rizzolatti, G. (1996). Action2000).
recognition in the premotor cortex. Brain 119, 593–609.In the statistical analysis, the activations of individual subjects’
sources that could not be detected at a particular brain area were Gerloff, C., Uenishi, N., Nagamine, T., Kunieda, T., Hallett, M., and
assumed to be 0 nAm in strength. For each lip form (verbal/nonver- Shibasaki, H. (1998). Cortical activation during fast repetitive finger
bal/neutral), the peak latencies of both hemispheres during all condi- movements in humans: steady-state movement-related magnetic
tions (observation/imitation/execution) were compared with one- fields and their cortical generators. Electroencephalogr. Clin. Neuro-
factor ANOVA (factor of area) and Dunnett’s post-hoc procedure. physiol. 109, 444–453.
The source strengths of five dipoles in each hemisphere were com- Grafton, S.T., Arbib, M.A., Fadiga, L., and Rizzolatti, G. (1996). Local-
pared with two-factor ANOVA (condition x area) with Fisher’s PLSD. ization of grasp representations in humans by positron emission
Further, the source strengths of IF and M1 of each hemisphere were tomography. Exp. Brain Res. 112, 103–111.
compared with two-factor ANOVA (condition x lip form) with Fisher’s
Grezes, J., Costes, N., and Decety, J. (1999). The effects of learningPLSD.
and intention on the neural network involved in the perception of
meaningless actions. Brain 122, 1875–1887.
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